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Reactive oxygen species (ROS) are emerging as im-
portant regulators of plant development. There is now
abundant evidence that ROS play roles in cell growth
and that spatial regulation of ROS production is an
important factor controlling plant form. Here we will
review evidence that supports a role for ROS in devel-
opment, but first we will define what we mean by
development. The body of the vascular plant sporo-
phyte (diploid life cycle stage) is derived from meri-
stems and much of the action of development occurs
where organs are formed in and around meristems
(Martienssen and Dolan, 1998). Organogenesis, the
development of organs, involves an early patterning
stage that roughs out boundaries where the organs will
form. Within these boundaries, groups of founder cells
divide and growth occurs, leading to the formation of
structures containing arrays of differentiated cells.
There are two major contributors to growth: First, there
is cell division, which increases the number of cells in
an organ; second, there is expansion of those cells. The
huge increase in volume in plant cells as they transit
from the founder population in and around meristems
to the differentiated cells of the mature organ means
that cell growth is an important component of plant
development (Sugimoto-Shirasu and Roberts, 2003).
Recent discoveries suggest that ROS may control de-
velopment through their role in regulating cell growth.

NADPH OXIDASES GENERATE ROS INVOLVED
IN DEVELOPMENT

ROS that have been shown to play a role in develop-
ment are produced by NADPH oxidases (NOXs) that
generate the superoxide radical (O, ), using NADPH
as an electron donor. These NOX proteins are similar to
the enzymes first identified in mammals that are re-
sponsible for the respiratory burst that occurs in acti-
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vated mammalian neutrophils (Segal and Abo, 1993).
Since then, homologs of this enzyme have been found
in a range of organisms (Keller et al., 1998; Suh et al.,
1999; Chengetal., 2001; Torres et al., 2002; Aguirre etal.,
2005). In Arabidopsis (Arabidopsis thaliana), this class of
genes is referred to as Arabidopsis respiratory burst
oxidase homologs (Atrboh; Keller et al., 1998; Torres
etal., 1998). The activity of three members of this family
has been shown to be involved in different aspects of
root growth (Foreman et al., 2003; Kwak et al., 2003).

The ROOT HAIR DEFECTIVE2 (RHD2)/AtrbohC
protein is required for root elongation. The roots of
plants homozygous for loss-of-function rhd2 mutations
have decreased levels of ROS and are 20% shorter than
the wild type, indicating that cell expansion is defective
in these plants (Foreman et al., 2003; Renew et al., 2005).
By using inhibitors such as diphenylene iodonium
(DPI), it has been suggested that NOX-derived ROS
control cell expansion in maize (Zea mays) roots (Liszkay
etal.,2004). This indicates that ROS-mediated growth s
not an Arabidopsis-specific phenomenon. Because DPI
is a general inhibitor of flavin-containing enzymes, DPI
treatment may affect the activities of other proteins
besides NOX (Bolwell, 1999; Moulton et al., 2000).
Therefore, without direct genetic evidence for the in-
volvement of NOX in this pathway, the role of NOX
remains to be confirmed in maize.

The roots of plants lacking both AtrbohD and
AtrbohF (atrbohd, atrbohf double mutants) are indistin-
guishable from the wild type, indicating that they are
not involved in growth per se under standard condi-
tions, but the double-mutant roots are less sensitive to
the inhibitory effects of abscisic acid (ABA) on root
elongation (Kwak et al., 2003). Given that AtrbohD and
AtrbohF are also required for the stomatal response to
ABA, it suggests that ROS derived from the D and F
proteins are involved in the ABA-signaling mechanism
that controls plant growth responses in drought con-
ditions. We can therefore say that there are at least two
distinct ROS-requiring mechanisms that occur during
root growth in Arabidopsis. There is the requirement of
RHD2/AtrbohC for elongation and there is an ABA-
related growth inhibition process that requires
AtrbohD and AtrbohF.

Whereas there is clearly a role for ROS in root
elongation, there is also evidence that NOX-derived
ROS are required during the growth of other organs.
During leaf expansion, a wave of ROS-dependent cell
growth sweeps through the leaf (Rodriguez et al.,
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2002). This local expansion zone is the site of the
accumulation of ROS, and inhibition of ROS formation
by treatment with DPI inhibits leaf growth. This indi-
cates that not only are ROS involved in growth, but
also that a flavin-containing oxidase such as a NOX is
required for its production. Furthermore, the acceler-
ated elongation that occurs upon auxin treatment is
accompanied by the formation of higher levels of ROS
than in coleoptiles grown without auxin treatment
(Rodriguez et al., 2002; Schopfer et al., 2002). This
suggests that the rate of cell growth may be propor-
tional to the amount of ROS produced in growing or-
ans.

® Whereas the above evidence suggests that NOXs
control cell growth, there is some evidence to suggest
that these enzymes control other aspects of develop-
ment, such as apical dominance and leaf shape (Sagi
et al., 2004). Transgenic plants harboring NOX-
antisense constructs not only had both reduced NOX
activity and ROS levels, but also exhibited a number of
morphological defects, including reduced apical dom-
inance, leading to an increase in branching, reduced
leaf lobing, and curled leaflets. These phenotypes sug-
gest that ROS control more processes than cell expan-
sion. The mechanism by which ROS act on these different
facets of development remains mysterious, but unravel-
ing them will provide important insights into the mech-
anism by which ROS controls development.

AN UNIDENTIFIED CALCIUM CHANNEL AND
THE OXIDATIVE BURST INDUCIBLE1 Ser-Thr
KINASE ARE DOWNSTREAM OF ROS DURING
ROOT HAIR DEVELOPMENT

Whereas there is a plethora of cellular activities that
may be regulated by ROS during growth, characteri-
zation of the mechanism by which RHD2/AtrbohC
controls growth has uncovered at least one process.
RHD2/AtrbohC activity produces ROS that accumu-
late at the sites of root hair growth the tip (Fig. 1).
Relatively high cytoplasmic Ca*" concentrations are
found at the tip, leading to the formation of a so-called
tip-high calcium gradient, and this gradient is absent in
the rhd2 mutant (Wymer et al., 1997). This suggests that

Figure 1. Nitroblue tetrazolium stains the growing tips of wild-type
root hairs soon after initiation (A) and during subsequent rapid tip
growth (B). This indicates that superoxide accumulates at the site of
growth. C, Plants that are homozygous for the rhd2 mutation do not
stain with nitroblue tetrazolium, indicating that accumulation of su-
peroxide at the root hair tip requires the activity of the RHD2/AtrbohC
NOKX (Figure 1 is courtesy of Dr. Seiji Takeda, John Innes Centre).
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RHD2/AtrbohC activity and, by extensmn ROS are
required for the formation of the Ca®* gradient. This is
supported by the finding that the hyperpolarization-
activated calcium channel (HACC) that is required for
the formation of the gradient is activated by ROS, and
that ROS treatment results in an elevation of cytoplas-
mic Ca®* levels in rhd2 mutant root hairs (Very and
Davies, 2000; Foreman et al., 2003). Therefore, an as yet
unidentified HACC is likely to be a target of RHD2-/
AtrbohC-derived ROS regulation. Molecular identifi-
cation of the HACC will allow this hypothesis to be
tested.

Another target of ROS in growing root hairs is the
OXIDATIVE BURST INDUCIBLE1 (OXI1) kinase
(Rentel et al., 2004). OXI1 was identified in a screen
for mRNAs that increase in abundance upon ROS
treatment in Arabidopsis. OXI1 is a Ser-Thr kinase that
is also required for root hair elongation; oxil mutant
root hairs are slightly shorter than the wild type.
Therefore, it is likely that RHD2-/AtrbohC-derived
ROS leads to activation of a mitogen-activated protein
kinase cascade via OXI1. Whereas it is formally pos-
sible that activation of OXI1 is dependent on the
HACC channel, it is more likely that ROS activate
OXI1 independently of the HACC.

CELL WALL LOOSENING AND TIGHTENING ARE
MEDIATED BY ROS

The cell wall plays an important role in cell expan-
sion; loosening the wall allows cells to expand, whereas
wall cross-linking can inhibit expansion. There is evi-
dence that ROS are involved in both processes. They
have been implicated in the loosening of cell walls in
growing tissues (Fry, 1998; Potikha et al., 1999; Liszkay
et al., 2004) and in making cell walls stiff as growth
ceases and cells differentiate (Hohl et al., 1995; Ros-
Barcelo et al., 2002).

At least part of the stimulatory effect of ROS on
expansion is through the ability of the hydroxyl (OH)
radical to promote cell growth."OH radicals are present
in the walls of cells in elongating organs in vivo (Liszkay
et al., 2004; Renew et al., 2005). One way in which' OH
radicals regulate growth is through the scission of
xyloglucan polymers allowing walls to stretch (Fry,
1998). If, as is likely to be the case, the 'OH radical has
the same effect in vivo, then it is likely that it contributes
to growth by decreasing the resistance of the wall to the
pressure from the expanding protoplast through xylo-
glucan scission. A likely route for the production of these
radicals is through the Fenton reaction from hydrogen
peroxide (H,0O,), which is catalyzed by a metal ion such
as Cu?’. It is likely that this reaction occurs in vivo
because all of the reagents required are present in the
plant cell wall (Fry, 1998). However, there is also evi-
dence for enzymatic production of ‘OH in plasma
membrane extracts that is stimulated by NADH and
insensitive to oxygen, indicating a mechanism indepen-
dent of superoxide (Mojovic et al., 2004).
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H,O, production is correlated with the stiffening of
cell walls as growth ceases in a number of cell types.
For example, H,0O, is produced at the same time as
lignification in the walls of Zinnia elegans xylem tra-
cheary elements and required for the formation of the
complex cross bridges found in the walls of this cell
type (Ros-Barcelo et al., 2002). Similar H,O,-induced
stiffening of the cell wall by increasing cross-linking of
polymers occurs as growth ceases at the onset of dif-
ferentiation in many cell types (Brisson et al., 1994;
Hohl et al., 1995; Schopfer, 1996). A variation on this
theme is the oxidative H,O,-mediated cross-linking of
cell wall proteins, which reinforces the cell wall,
thereby blocking the pathogen spread that occurs upon
infection (Brisson et al., 1994).

H,0, has also been shown to be involved in differen-
tiation of the cellulose-rich cell wall in cotton fibers. An
increase in H,O, production coincides with deposition
of the secondary walls of cotton (Gossypium hirsutum)
fibers (Potikha et al., 1999). Furthermore, incubation of
developing cotton fibers with H,O, scavengers blocks
differentiation, whereas application of H,O, stimulates
secondary wall formation. Its precise role in the wall
differentiation process is unknown, but it may act by
stimulating the activity of cellulose synthases that are
active during the growth of the cotton fiber.

SMALL GTPases SPATIALLY CONTROL ROS
PRODUCTION AND GROWTH

Whereas ROS are clearly required for growth, spatial
regulation of their production is important in deter-
mining organ shape and form (morphogenesis). Local
accumulation of ROS at the tips of growing root hairs
suggests that spatial regulation of ROS production is an
important determinant of cell shape (Foreman et al.,
2003; Carol et al., 2005). This conclusion is supported by
the finding that application of ROS (in the form of
‘OH) results in isotropic growth instead of tip growth
(Foreman et al., 2003). Genetic evidence suggests that
GTPases of the Rho class (called ROPs in plants) are
involved in spatial regulation of ROS production and,
by extension, spatial control of growth (Carol et al.,
2005). The activities of Rho-GTPases are negatively
controlled by a group of proteins called Rho-GDP
dissociation inhibitors (RhoGDI). Loss of function of
one member of this family, called SUPERCENTIPEDE1
(SCN1)/AtRhoGDlI]1, results in both spatially deregu-
lated ROS accumulation and hair outgrowth. Further-
more, the ectopic sites of ROS accumulation in the scn1/
atrhogdil mutant require the activity of RHD2/
AtrbohC, indicating that spatial regulation of RHD2/
AtrbohC involves SCN1/AtRhoGDI1. If SCN1/
AtRhoGDI1 were active in the spatial control of growth,
then it might be expected that its regulatory targets, the
ROP GTPases, should also be involved. The finding
that dominant negative versions of ROPs cause root
hair defects and, in extreme cases, lead to complete loss
of spatially controlled growth lends weight to this
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model (Molendijk et al., 2001; Jones et al., 2002). Sim-
ilarly, a constitutively active form of a cotton small
GTPase that is highly expressed during cotton fiber
development has been shown to induce ROS produc-
tion in cultured Arabidopsis and soybean (Glycine max)
cells (Potikha et al., 1999). This suggests that this
GTPase activates a NOX protein during the rapid
elongation of cotton fibers. Therefore, data from a
number of systems indicate that small GTPases regu-
late the activity of NOX enzymes during development.

GTPases also spatially control nongrowth-related
processes associated with differentiation. During the
development of Z. elegans xylem tracheary elements,
NOX-derived ROS are required for formation of the
highly lignified banded thickenings in the cell wall (Ros-
Barcelo et al., 2002). The ROS are produced in adjacent
xylem parenchyma cells and not in the differentiating
tracheary elements themselves (Nakanomyo et al., 2002;
Ros Barcelo, 2005). In this neighboring cell, mRNA of a
Rac small GTPase accumulates in the cytoplasm on the
face of the parenchyma cell next to the developing
tracheary element, but does not accumulate in other
regions of these cells (Ros Barcelo, 2005). It is hypothe-
sized that local accumulation of this mRNA results in
preferential localization of the small GTPase in the
region of the parenchyma cell next to the differentiating
tracheary element (Nakanomyoetal.,2002). This GTPase
may then activate a NOX enzyme that produces the ROS
required for wall lignification in the adjacent cell.

Given that RHD2/AtrbohC controls both tip and
intercalary growth and that there is evidence for a role
for ROPs in both mechanisms, it is possible that NOX-
derived ROS are required during the growth of all
plant cells. If this were the case, then perhaps ROPs are
responsible for the spatial regulation of NOX activity
not only in tip-growing cells, but also in cells under-
going intercalary growth.

NOXs CONTROL DEVELOPMENT IN THE THREE
DOMAINS OF EUKARYOTIC LIFE

Control of development by NOX proteins is not a
plant-specific phenomenon; NOX-derived ROS con-
trol development in fungi and animals. For example,
NADPH oxidase A (NoxA) regulates sexual develop-
ment in Aspergillus nidulans (Lara-Ortiz et al., 2003).
NoxA gene transcription is induced during sexual
development, suggesting that it may be involved in
the formation of the fruiting body (cleistothecia) and,
indeed, ROS are produced during fruiting-body de-
velopment. Both formation of ROS and fruiting-body
development are defective in noxA deletion mutants,
which lack NoxA activity.

NOX genes are also required for development of the
fruiting body (perithecium) in Podospora anserina
(Malagnac et al., 2004). Mutants that lack the two NOX-
encoding genes undergo defective fruiting-body devel-
opment. Furthermore, germination of the ascospore is
defective in these mutants. This suggests that ROS
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may not only control fruiting-body development in
Podospora as they do in the other ascomycete
Aspergillus, but they may also control the formation of
tip-growing cells as they do in the root hairs of flowering
plants.

NOX genes are also involved in animal development.
Cell migration is a process that distinguishes plant from
animal development; cell migration is an integral part of
metazoan organogenesis, but cells do not crawl past
each other in plants. The migration of mammalian
endothelial cells has been shown to be regulated by
NOX-derived ROS (Wu et al., 2005). Furthermore, this
NOX activity is also controlled by the activity of a Rho
GTPase as may be the case in plants. Whereas the role of
NOX-derived ROS in cell migration has no parallel in
plants, the role for ROS in promoting animal cell growth
is remarkably similar to its role in plants; overexpression
of a mouse NOX gene results in elevated superoxide
production and increased cell growth in fibroblasts (Suh
et al., 1999). Therefore, ROS control development in all
three eukaryotic domains (plants, animals, and fungi).
Their role in controlling growth may be ancestral be-
cause the cells of the common ancestors of the plants,
animals, and fungi must have grown!

PERSPECTIVES

Most of the developmental processes involving ROS
that we have reviewed involve the growth of cells and
organs. We are beginning to identify the pieces of the
complex machine that integrates ROS and growth. The
startling phenotypes of plants reported by Sagi et al.
(2004) suggests that ROS may be doing something more
complex than simply regulating cell growth during
development; they may be involved in controlling
organ number and initiation. Getting to the root of
ROS in these processes will be important in under-
standing the regulation of multicellular development.
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